The structure of the recently identified metastable ice XVII, obtained by release of hydrogen from the C 0 D 2 O-H 2 compound (filled ice), has been accurately measured by neutron powder diffraction. The diffraction pattern is indexed with a hexagonal cell and can be refined with space group P6 1 22 so to obtain accurate values of the oxygen and deuterium positions.
Solid phases formed by mixtures of water and hydrogen give rise to various forms of crystal structures, where the guest H 2 molecules are trapped either inside cages of different geometries, as in clathrate hydrates, [1] [2] [3] or intercalated in the structure, as in other high pressure compounds known as "filled ices". [4] [5] [6] In the clathrate-hydrate structure, which is cubic of type sII, the hydrogen molecules inside the cages exhibit a quantum dynamics which has been investigated efficiently by inelastic neutron scattering [7] [8] [9] [10] [11] and Raman scattering. [12] [13] [14] [15] Only recently it has been demonstrated that, contrary to the belief that caged guest molecules are essential for the stability of the clathrate structure, some instance of these may exist in a metastable form at low temperature even in the absence of guest molecules. 16 In a recent paper we have shown that a similar phenomenon happens also for the C 0 filled-ice. 17 This crystal is the stable equilibrium phase of the mixture water-hydrogen at temperatures 100-270 K and pressures 360-700 MPa, that is intermediate between the stability region of sII clathrate and that of C 1 filled ice. 5, 6 Once synthesized at high pressure from water and hydrogen, C 0 filled ice can be recovered at room pressure and low temperature, still containing a large fraction of molecular hydrogen. The recovered sample releases all its hydrogen by heating under vacuum for about one hour at a temperature of 110-120 K, giving rise to a new form of metastable solid phase of water, which we have named ice XVII. 17 This exotic and low-density solid structure of water molecules adds to the list of solid structures of water possibly stable at negative pressure. 18 In this paper we present the results of a neutron diffraction measurement performed on OSIRIS at ISIS, RAL (UK) whose analysis enabled us to determine and refine the structure of ice XVII.
We have produced the sample in the C 0 phase by using heavy water and normal hydrogen.
Ground D 2 O ice has been inserted into a beryllium-copper autoclave, and a pressure above 430
MPa of hydrogen has been applied at a temperature of about 255 K (-18 • C). The sample has been maintained under pressure for a few days, after which it has been quenched at liquid nitrogen temperature and recovered in the form of a fine powder. The check of the recovered sample by Raman spectroscopy has confirmed that we have obtained the C 0 phase, excluding the presence of sII clathrate or other ice phases. 17 We have used an aluminum gas cell having the shape of a hollow cylinder and provided with a valve. The transfer process of the sample into the cell has been accomplished at liquid nitrogen temperature in a dry-nitrogen atmosphere, exerting particular care to avoid sample heating and contamination from air water vapor. The cell is transfered to ISIS, RAL (UK), inserted in the neutron cryostat and connected through a capillary to a vacuum and gas The use of hydrogen as guest gas hampers the refinement of the positions of the guest molecules in the C 0 crystal, but data from the empty ice XVII will serve perfectly for the refinement of its structure.
After a few measurements on the pristine C 0 sample at increasing temperature, the cell is heated to 100 K under vacuum for a few hours, in order to obtain ice XVII. This annealing process assures the removal of the guest H 2 molecules and nitrogen molecules that are often present in the sample prepared with the procedure described above. 17 Full range diffraction patterns of ice XVII are then collected at three temperatures, namely 100, 75, and 25 K, before the sample is let adsorb hydrogen again. Data at all the three temperatures have been analyzed by Rietveld refinement using the software GSAS. 19 Preliminarily, in order to obtain a reliable profile fit function and other instrumental parameters, we have performed a Rietveld refinement on an NaCaAlF diffraction pattern, measured a shortly before our experiment and available in the instrument data base, obtaining the best fit with a time-of-flight profile function of type 4. 19 For the Rietveld refinement of our data we have excluded the range d > 5 Å because of the unreliability of the peak intensity and peak shape model in this long wavelength region. As a matter of fact, the beam intensity behavior for λ > 10 Å is peculiar to the hydrogen moderator since a large number of neutron collisions inside it are necessary. This phenomenon strongly affects the pulse shape and none of the peak profile functions available in GSAS is able to model it correctly. Moreover, also the peak profile shape extracted by mean of the NaCaAlF refinement is somewhat inadequate for large λ . This sample is a common one as a calibration standard for its wide d-range span, but it is not ideal because of its variable synthesis conditions, bringing to the presence of several micro-structural features affecting the diffraction peak shape, such that defect density, domain size, and compositional discrepancies.
Anyhow, in the excluded range only one peak (hkl = 100) of the diffraction pattern of ice XVII is present and in the whole remaining region the pulse shape can be modeled with adequate accuracy so that peak profiles in NaCaAlF are well reproduced by profile of type 4. The space groups assumed for the Rietveld refinement of ice XVII diffraction pattern are those proposed for describing the filled structure C 0 , namely P3 1 12 5 and P6 1 22. 20 The quality of the fit, estimated from the value of the parameter R wp , turns out to be similar (R wp 11% in both cases), but the values obtained for the oxygen coordinates in sites 3a and 3b of the group P3 1 12 are related by x 3a ≈ 1 − x 3b , so that these positions coincide with that of the site 6b of the group P6 1 22. In addition, having the group P6 1 22 a higher symmetry and a lower number of free parameters, it is to be preferred for the description of the structure. The experimental pattern and the refined model at 25 K is reported in fig. 1 , while their refined structural parameters are reported in tab. Data collected at the other two temperatures are refined with similar fit quality, and show that the structure does not change with temperature. The behavior with temperature of lattice constants and unit cell volume is reported in fig. 3 , where it is compared with that of ice Ih. 21 The density of the crystal at 100 K is 0.95018(5) g/cm 3 , that is 11% lower than that of D 2 O ice Ih at the same temperature. The low number of investigated temperatures does not allow us to determine with precision the thermal expansivity, which may be possibly negative between 25 and 75 K. Anyhow, thermal expansion is not isotropic in ice XVII, in contrast to ice Ih, as it is testified by observing the c/a ratio in fig. 3 .
After the measurement of the empty sample we have checked its ability to re-adsorb H 2 , and measured diffraction patterns in a limited d range. These data, even if not extensive enough to be suitable for Rietveld refinement, give us access to the lattice constant dependence as a function of the H 2 content. This quantity has not been measured independently, but has been estimated from diffraction data. It is well known, in fact, that the large incoherent scattering cross section of H 2 molecule gives rise, in the diffraction pattern, to a significant background, almost independent of d, which is easily measurable and can be considered proportional to the adsorbed H 2 . Even if we cannot give an estimate of the absolute hydrogen content, this relative calibration allows us to plot lattice parameter behavior in function of hydrogen content and discuss the graphs shown in fig. 4 . Upon filling, we notice a 0.6 % volume increase, which however cannot be naively attributed to a swelling of the ice due to the guest, since H 2 -D 2 O interaction is mainly attractive for the range of distance pertinent to the hosting of H 2 in the channels, as it is attractive for Ne in the sII clathrate. 16 As a matter of fact, the lattice constant a decreases with adsorption, and the increase of volume is due to the elongation of the unit cell along the z axis. We want to underline the fact that these changes are 6-10 times larger than those due temperature change in the range 25-100 K.
The data we have collected do not comprise the diffraction patterns of the refilled sample in the complete range of d, so we cannot draw any conclusion on the water lattice structure of the C 0 based on precise diffraction data. We can however discuss the difference of the two proposed structures, P6 1 fig 5. The potential barriers between the minima ( 10 meV) are not so high to prevent diffusion of H 2 , since zero-point energy is probably higher. Given the low energy difference between the two structure, it is also possible that H 2 guests, entering the channels, modify the symmetry of the structure of ice XVII, and accommodate themselves at the bottom of the potential well that themselves induce. In this picture the H 2 molecules would occupy sites with a spacing commensurate with the period of the host lattice. Two observation are in agreement with this speculation. One is the large hysteresis in the gas absorption-release process, described in detail in our previous paper, 17 and the maximum amount of adsorbed H 2 that gets close to 50% molar. The other is the elongation of the unit cell along the c, axis, that might be favored by the repulsive potential energy between nearest-neighbor guests, which would influence the structure.
More measurements are needed to confirm this speculation. 
Supporting Information Available
Crystallographic information file (CIF) of the refined structure of ice XVII at 25, 75 and 100 K.
This material is available free of charge via the Internet at http://pubs.acs.org/. 
